Abstract. Singly and doubly charged adducts of LiCl with β-cyclodextrin (βCD) of the type (βCD)(LiCl) n Li + and (βCD) 2 (LiCl) p Li 2 2+ were studied using electrospray ionization mass spectrometry (ESI-MS). Insight into their structural composition was gained by analysis of their collision-induced dissociation (CID) mass spectra. The conditions the ions experience in the transfer region interfacing the ESI source and the mass analyzer were found to have a marked influence on the nature of the detected ions. In one instrument incorporating a single skimmer, individually attached LiCl ion pairs were observed, whereas the dual funnel ion guides of the second instrument allow the detection of previously unknown labile inclusion complexes of (LiCl) n clusters in βCD.
Introduction
C yclodextrins, circular oligomers of α-D-glucopyranose, were first isolated in 1891 by Villiers [1] . Their general shape is that of a truncated cone, with the hydrogen atoms pointing inwards and outwards, creating a hydrophobic cavity (Scheme 1). As the non-bonding electron pairs of the glucosidic oxygen bridges are directed towards the inside, the cavity can act as a Lewis-base [2] . The hydroxyl groups are aligned at the rims of the cone, resulting in a hydrophilic lining around the edges. The size of the central cavity is controlled by the number of glucose units and even for a given size it is flexible enough to accommodate various molecules [3] [4] [5] [6] .
Since their discovery, a wide variety of applications have been found for cyclodextrins. They are used in pharmaceutical products, mostly to enhance water-solubility of lipophilic drugs [7, 8] , as food ingredients [9] , in analytical chemistry (e.g., for the separation of isomers or enantiomers [10] [11] [12] [13] ), and other industrial applications.
In 1997, Cole and co-workers studied the attachment of LiCl to different oligosaccharides (G), including maltoheptaose (MH) and β-cyclodextrin (βCD), in electrospray ionization mass spectrometry (ESI-MS) [14] . In addition to cationization by Li + , they observed multiple attachment of neutral LiCl, resulting in ions of the formula [G x + Li + nLiCl] + , with a maximum of n = 8 neutral salts attached to the largest oligosaccharides used (i.e., MH and βCD). Doubly charged dimers of the type [2G x + 2Li + pLiCl] 2+ were only observed for MH. According to their semi-empirical calculations for (maltose)Li + , the alkali metal ion may be trivalently bound to oxygen lone pairs. They suggested that the neutral LiCl units are noncovalently bound to the remaining oxygen sites. The possibility of a complex of the oligosaccharides with clusters of the form (LiCl) n Li + was excluded, as no such clusters were observed in their ESI experiments. They also argued that while linear molecules (e.g., MH) would be able to fold around differently sized clusters, their cyclic analogues (e.g., βCD) would not be able to do so. Therefore, the number of possible (LiCl) n cluster attachments should be higher for MH than for βCD.
Cole and co-workers used a quadrupole mass spectrometer coupled with an electrospray source [14, 15] . As the instrument was not capable of measuring MS/MS spectra, no further information could be gained concerning the nature of the LiCl attachments.
In the following investigation, we take up the study on salt attachment to oligosaccharides to elucidate whether the LiCl units are bound individually to the host or if a salt cluster forms an inclusion complex with the cyclodextrin. We concentrated on βCD (Scheme 1), as it was the oligosaccharide with the highest number of LiCl attachments. Two different instruments were used for the ESI experiments, a quadrupole ion trap (QIT) incorporating a skimmer and a quadrupole time-of-flight (QTOF) mass spectrometer utilizing funnel ion guides [16] [17] [18] . The conditions in the transport region connecting the ESI source to the mass spectrometer were found to have significant influence on the observed salt adducts.
Experimental
Of the two instruments, the quadrupole ion trap (QIT) (esquire6000; Bruker Daltonics, Bremen, Germany) exhibits slightly harsher transfer conditions, attributable to the skimmer setup. The sample is directly injected into the ESI source at a flow rate of 240 μL h −1
. Between the needle and the capillary entrance, a voltage of −4.0 kV is applied and the N 2 dry gas temperature is set to 300°C, unless otherwise mentioned. After passing the spray shield and a glass capillary, the ions are accelerated through a skimmer into the next vacuum stage. Solvent molecules and nitrogen gas are still present in this transfer region and collisions of ions with such residual gas molecules will lead to so-called cone/skimmer dissociations. Less stable ions may decompose in this region and are therefore less likely to be observed in the ESI-QIT experiments. MS n experiments are performed inside the QIT using collision-induced dissociation (CID) employing He as the collision gas at a pressure of 4·10 −4 Pa (as measured by the vacuum gauge; the real pressure within the trap is known to be higher by approximately two orders of magnitude [19] ). The fragmentation amplitude was adjusted in each case to dissociate the precursor ion completely. The relative intensities of the product ions did not change with varying amplitude.
The quadrupole time-of-flight (QTOF) mass spectrometer with MS/MS capability (micrOTOF-Q II; Bruker Daltonics, Bremen, Germany) offers softer conditions than the QIT, as instead of the harsher skimmer region, the transfer region of the QTOF incorporates two funnel ion guides, allowing even rather unstable ions to pass into the mass spectrometer. To make the conditions in the transfer region harsher, a voltage can be applied between the two funnels to accelerate the ions and promote insource collision-induced dissociation (ISCID). As the source geometry of the QTOF differs slightly from the QIT, a flow rate of 180 μL h −1 was used here. The voltage at the capillary entrance was set to −4.5 kV and the dry gas temperature was maintained at 180°C. For MS/MS experiments, N 2 was used as the collision gas. Additional source and transfer parameters for both instruments can be found in Table S1 ) was injected. All solvents used were of HPLC grade purity.
Results and Discussion
In Figure 1 , the positive-ion mode ESI mass spectra acquired with the two instruments are compared. With the QIT, only singly charged adducts of the form (βCD)(LiCl) n Li + with n = 0-8 can be observed (Figure 1a) , evidenced by the isotope pattern of the clusters, an example of which is shown in Figure 1c . Additional to these, doubly charged cyclodextrin dimers of the form (βCD) 2 (LiCl) p Li 2 2+ (p = 1-12) are observed on the QTOF (Figure 1b, d ). From n ≥ 4 for the singly charged and p ≥ 10 for the doubly charged adducts, the Bpure^lithiated adducts are joined by adducts, in which one Li + ion is formally exchanged for a proton, resulting in (βCD) (LiCl) (Figure 1b , e). Adducts with two or more Li ions exchanged were not observed. The protons likely stem from MeOH, as no acid was added to the solution. For doubly charged adducts incorporating more than 13 neutral lithium chlorides, the protonated form is the only one observed (Figure 1e ). The differences in the observed adducts in the two instruments can easily be explained by the different transfer conditions. In the QTOF, the lower temperature and the softness of the two funnel ion guides allow even relatively unstable adducts to pass into the mass spectrometer. As the source geometry of the QIT is only slightly different, the same ions are assumed to be generated there. However, due to the higher temperature and collisions in the skimmer region, the less stable doubly charged adducts dissociate before reaching the ion trap, whereas the singly charged ones survive. The protonated adducts must also be rather unstable, as they are only observed in the soft conditions of the QTOF.
Fragmentation Behavior
To evaluate whether the neutral LiCl salts are individually attached to the oxygen sites as ion pairs, or if they form a Scheme 1. Top view and side view of β-cyclodextrin (βCD). Diameter of the cavity and height of the toroid are taken from reference [2] cluster inside the cavity of the cyclodextrin, we studied the fragmentation behavior of the adducts. Figure 2a shows the CID mass spectrum of (βCD)(LiCl) 2 Li + (m/z 1225), as observed with the QIT. The two product ions, (βCD − H)(LiCl)Li 2 + (m/z 1189) and (βCD − 2H)Li 3 + (m/z 1153) correspond to the loss of one and two HCl molecules, respectively. For this fragmentation to occur, the Li + ions must be tightly bound to the oxygen, so that the negatively charged counter ion rather abstracts a proton from the cyclodextrin than break the Li + ···O interaction. The same fragmentation behavior was observed for all adducts in the QIT (data not shown). This indicates that the LiCl salts are attached as ion pairs to individual oxygens of the oligosaccharide, confirming the proposition made by Cole and co-workers [14] . An attachment to the hydroxyl groups lining the rim around the cavity seems most likely, as a simple rearrangement would then yield HCl and R-O However, when measured with the QTOF instrument, CID of the LiCl adducts of the same mass-to-charge ratio results in entirely different product ions. Figure 2b shows the CID mass spectrum of the same precursor ion as discussed above for the QIT, (βCD)(LiCl) 2 Li + and its doubly charged dimer (βCD) 2 (LiCl) 4 Li 2 2+ at a low collision energy of 10 eV. Here, no HCl loss is observed; the product ions (βCD)Li + (m/z 1141) and (βCD) 2 (LiCl) 2 Li 2 2+ (m/z 1184) correspond to the loss of a neutral (LiCl) 2 -dimer from the singly and doubly charged precursor, respectively. The loss of an Figure 1 . Positive-ion mode ESI mass spectrum of βCD with added LiCl, acquired with (a) the QIT and (b) the QTOF; (c)-(e) show the measured (top) and calculated (bottom) isotope patterns of (c) (βCD)(LiCl) 3 Li + with the QIT, (d) (βCD)(LiCl) 3 Li + and (βCD) 2 (LiCl) 6 Li 2 2+ with the QTOF, and (e) (βCD)(LiCl) 8 H + , (βCD)(LiCl) 8 Li + and (βCD) 2 (LiCl) 16 LiH 2+ with the QTOF. The relative intensities of the calculated isotope patterns were adjusted to match the measured abundances odd number of LiCl from either precursor is not observed in this case. Clearly, the salt molecules are not bound to the oligosaccharide individually in the QTOF experiment. The behavior could instead be explained by the formation of a (LiCl) n cluster located inside the cyclodextrin cavity. Stabilization of the cluster could be gained by Lewis acid/base interactions between Li + and the glycosidic oxygen bridges surrounding the cavity [2] . As the only acidic hydrogens of the cyclodextrin line the rims of the structure, their interaction with the salt inside the cavity would be limited; therefore, the presence of a cluster would also explain the lack of HCl loss from the adduct.
To the best of our knowledge, inclusion complexes of cyclodextrin with salt clusters have not been observed before. As the cavity of βCD is hydrophobic, inclusion complexes in aqueous solution are only formed with similarly hydrophobic guest molecules. Complexation in this case is assisted by desolvation of the guest and release of the water molecules occupying the cavity (hydrophobic effect) [20] . These findings caused Cunniff and Vouros to ascribe the complexes of non-aromatic amino acids with cyclodextrins they observed in ESI-MS to nonspecific electrostatic interaction rather than the formation of inclusion complexes [21] . However, Lebrilla and co-workers showed that inclusion complexes were indeed formed in the gas phase, though they are probably not found in aqueous solution [12, 13] . The interaction between host and guest facilitates enantioselective exchange reactions in the gas phase, allowing quantitative analysis of amino acid enantiomers [13] . This is only possible because of the formation of an inclusion complex, as a nonspecific interaction would not cause enantioselectivity. Evidence of inclusion complexes of cyclodextrin with simple alkali metal cations was given by Derrick and coworkers, who observed size selectivity for different cavity sizes of the oligosaccharides and different cation diameters [22] . Therefore, we think it likely for LiCl clusters to be able to occupy the cavity of βCD. Their formation probably occurs during the electrospray process, as they are unlikely to exist in solution.
The loss of a LiCl dimer instead of only one salt molecule is another indication for cluster formation. The formation and dissociation of various salt clusters in ESI-MS have been studied extensively [23] [24] [25] [26] [27] , whereas the possibility of a direct fission of salt oligomers in the fragmentation has been investigated using the example of cesium iodide clusters of the form (CsI) n Cs + [28] [29] [30] [31] . The loss of (CsI) 2 or even larger oligomers was found to occur in high energy CID [30] . In low energy CID, similar to our approach, only loss of the dimer was observed for small clusters [31] , whereas sequential loss of single salt units was only found in lower abundance for larger clusters [29] .
To make sure that the fragmentation behavior is the same for LiCl, though its crystal structure differs from CsCl, we Figure 2c shows the CID mass spectrum of the cluster (LiCl) 3 Li + (m/z 133) as an example. The loss of a neutral LiCl-dimer results in the only product ion (LiCl)Li + (m/z 49), whereas the loss of only one salt is not observed for this cluster size. The fragmentation behavior of the pure salt cluster is clearly identical to that of the LiCl adducts of the cyclodextrin. In summary, also the fragmentation pattern of the pure (LiCl) 3 Li + cluster supports the assumption that the oligosaccharide contains a salt cluster in this case.
A LiCl cluster is probably less strongly bound to the oligosaccharide than the individually attached salt molecules. First, only the Li + on the surface of the cluster can interact at all with the oxygen sites of βCD and they are simultaneously connected to two or more chloride ions of the cluster. Therefore, their interaction with the oxygen should be weaker than the interaction of Li + bound to only one chloride anion. At the same time, the salt clusters, especially the smallest sizes, should not be able to fill the cavity of the cyclodextrin completely, as the cavity diameter of β-cyclodextrin is 600-650 pm and the height of its toroid is 790 pm [2] , whereas the ionic radii of Li + and Cl − are 76 pm and 181 pm, respectively [32] . Although the cyclic oligosaccharides are no longer regarded as rigid structures [3] [4] [5] [6] , they may not be flexible enough to allow optimal interaction between the cluster and all the available oxygen sites. Stabilization of the cluster by only a few of the glycosidic oxygens is therefore likely, resulting in an overall weaker bonding to the cyclodextrin than in the case of individual attachment of the LiCl units.
Therefore, the reason that these clusters are not observed with the ESI-QIT instrument could lie in the different transfer conditions of the two instruments. In the higher temperature and because of collisions in the skimmer region, the labile cluster attachment could dissociate in the ESI-QIT instrument, while the adducts formed of individually attached LiCl survive and can be detected.
Variation of Transfer Conditions
To test our hypothesis, we changed the transfer conditions in both instruments within the available limits. By applying a potential between the two ion guide funnels of the QTOF, the ions are accelerated through a cloud of solvent molecules and neutral species still present at this vacuum stage. This essentially simulates the existence of a skimmer and results in ISCID of the more labile ions. Figure 3a shows the mass spectrum obtained with an applied potential of 100 eV between the funnels (ISCID energy 100 eV). The singly and doubly charged adducts of the form (βCD)(LiCl) n Li + and (βCD) 2 (LiCl) p Li 2 2+ are still observed, though the abundance of the doubly charged ones has decreased. However, the lithium-proton exchange at higher cluster numbers, which would result in (βCD)(LiCl) q H + and [(βCD) 2 
, is no longer visible. As mentioned above, these are more labile than the Li-only ions and dissociate under these conditions, leaving only the purely lithiated adducts to be detected. A CID mass spectrum of the same adduct size as discussed above, (βCD)(LiCl) 2 Li + (m/z 1225), is shown in Figure 3b , acquired at the now harsher transfer conditions. The loss of the neutral (LiCl) 2 -dimer (m/z 1141) is now barely visible; the most abundant product ions are generated via loss of one or two HCl molecules (m/z 1189 and 1153), respectively. Note that the collision energy had to be increased from 10 eV (Figure 2b ) to 50 eV (Figure 3b ) to induce fragmentation. This shift in fragmentation behavior indicates the change in the structural composition of the precursor. The weakly attached clusters dissociate after collisions between the two ion guide funnels, and only the individually attached salt adducts are isolated and fragmented in the collision cell now. As these are more tightly bound to the oligosaccharide than the clusters (vide supra), higher collision energies are required for their dissociation.
Both the adducts containing (LiCl) n clusters and the ones consisting of individually attached salts are probably generated simultaneously in the ESI source. Only the transfer conditions determine which species reach the mass analyzer. At low ISCID energy both structures are present in the collision cell. The clusters dissociate first at low collision energies (Figure 2b ), whereas HCl loss from the individually attached LiCl units only follows at higher collision energy. Therefore, if the ISCID energy is set to 0 eV and the collision energy is increased to 50 eV, both the (LiCl) 2 loss and the loss of HCl can be observed (see Supplementary Material, Figure S1 ). In contrast, at high ISCID energy, only the adducts with individually attached LiCl units survive the transfer to the collision cell. Thus, no fragments are detected for low collision energies (data not shown), whereas HCl loss is again observed for high collision energies (Figure 3b) .
It is also possible that only clusters are first generated in the electrospray source and the individually attached LiCl units are the result of rearrangement of the salt molecules during the flight time of the ions. Both formation mechanisms are feasible and neither can be ruled out by mass spectrometric means.
Fragment ions generated in the transfer can even be observed in the MS 1 spectra if the ISCID potential is increased even further. At 100 eV (Figure 3a) , for instance, the loss of HCl from (βCD)(LiCl) 2 Li + generates the product ion at m/z 1189. At higher voltages, the abundance of the intact adducts drop as more and more fragments are produced (data not shown).
Just as the conditions in the QTOF can be made harsher, they can be softened in the QIT. Lowering the potential, which accelerates the ions towards the skimmer, however, did not change the appearance of either the mass spectra or the CID spectra (data not shown). The most effective parameter change was decreasing the temperature of the dry gas from 300°C to 150°C. Figure 3c shows the resulting mass spectrum. Apart from the singly charged adducts (βCD)(LiCl) n Li + , the doubly charged dimers (βCD) 2 (LiCl) p Li 2 2+ can now be observed as well. The CID mass spectra of the adducts, however, show only loss of HCl and no LiCl loss, despite the lowered temperature (data not shown). The conditions in the ESI-QIT could not be softened enough to observe the cluster attachment of the salt. If the temperature of the dry gas and/or the cone voltage were set even lower, the abundance of ions reaching the mass analyzer dropped rapidly and CID mass spectra could no longer be recorded. In comparison, the softest working conditions for the ESI-QIT (Figure 3c ) seem to generate the same LiCl adducts as observed in the harshest working conditions of the ESI-QTOF (Figure 3a, b) . The default conditions in both instruments can only be approximated, but not emulated exactly by the other instrument.
The instrument used in the study by Cole and co-workers contained two skimmers in the transfer region [14, 15] . As they also observed doubly charged species, the conditions in their instrument were probably similar to those in our QIT at lower temperature. Therefore, it is very likely that they did indeed observe adducts consisting of individually attached LiCl salts. Though they did not have the opportunity to perform product ion analysis of the LiCl adducts by CID, their assignment proved to be correct.
Fragmentation Behavior of the Doubly Charged Adducts
Though we have so far only discussed the adducts containing either a salt cluster or consisting of individually attached LiCl ion pairs, the two possible structures are not mutually exclusive. Especially the larger adducts can contain a small cluster and have several LiCl salts individually attached at the same time. For the largest adducts with up to 8 LiCl units (Figure 1b) , this might be the only viable structure, as such large clusters may not fit inside the cyclodextrin cavity. The same arguments apply to the doubly charged dimers containing up to 12 LiCl units (Figure 1b) . Scheme 2 shows one of the possible structures of a doubly charged dimer for illustration. The Figure 3 . (a) Mass spectrum of βCD with added LiCl using the QTOF with the ISCID energy set to 100 eV and (b) CID mass spectrum of (βCD)(LiCl) 2 Li + under the same transfer conditions at a collision energy of 50 eV. Dissociation of the doubly charged adduct (βCD) 2 (LiCl) 4 Li 2 2+ and subsequent HCl-losses result in the grey-labeled product ions at m/z 1159 and 1195. (c) Mass spectrum of the same solution acquired with the QIT at a dry gas temperature of 150°C oligosaccharides are probably bridged by one or both chargecarrying Li + cations bound to the hydroxyl groups of both cyclodextrins. One part of the LiCl units forms one or two small clusters inside the cavities of the cyclodextrins, whereas others are individually attached to the rims of the oligosaccharides. LiCl may also assist in binding the two molecules together (vide infra). The fragmentation behavior of the larger doubly charged clusters provides evidence for this Bmixedŝ tructure. Figure 4a shows the CID spectrum of (βCD) 2 (LiCl) 9 Li 2 2+ (m/z 1332) at an ISCID energy of 50 eV (ESI-QTOF). Under these conditions, the purely cluster-containing adducts have Scheme 2. Fragmentation mechanism of a doubly charged LiCl-ßCD adduct, containing both (LiCl) n clusters and individually attached LiCl units Figure 4 . CID mass spectra of (βCD) 2 (LiCl) 9 Li 2
2+
, acquired with the QTOF at a collision energy of 30 eV and an ISCID energy of (a) 50 eV and (b) 90 eV. (βCD)(LiCl) 4 Na + (m/z 1327) was inadvertently included in the isolation; its fragment ions are labeled in grey. (c) CID mass spectrum of (βCD) 2 (LiCl) 5 Li 2 2+ , measured with the QIT at a dry gas temperature of 150°C already dissociated in the transfer region of the mass spectrometer, evidenced by the observation that the (LiCl) 2 dimer is only released once and successive losses of two or more (LiCl) 2 units (see Supplementary Material, Figure S2 , for instance) are absent. The successive HCl losses from the precursor ion can be attributed to the adducts having only individually attached LiCl, as discussed above for the monomeric adducts. The new series of product ions, starting with one (LiCl) 2 loss (m/z 1290) and continuing with sequential HCl losses, is probably due to a Bmixed^adduct, containing both a cluster and individually attached LiCl (cp. Scheme 2). After the small clusters are dissociated (i), only LiCl units attached to the hydroxyl groups remain, evidenced by consecutive HCl losses (ii).
As mentioned above, however, we cannot exclude the possibility that the LiCl molecules of the clusters can also rearrange and attach themselves individually to different oxygen sites of the cyclodextrins during their flight time. At higher ISCID energy, the CID mass spectrum of (βCD) 2 (LiCl) 9 Li 2 2+ lacks the signals attributable to (LiCl) 2 loss and its subsequent fragmentations (Figure 4b ). Only successive HCl losses are observed. Increasing the ISCID energy, therefore, has the same effect on the doubly charged adducts as on the singly charged ones. The weakly bound salt clusters now fragment in the transfer region of the instrument (i) and only the HCl losses of adducts with individually attached LiCl units appear in the CID mass spectrum (ii).
In the ESI-QIT, the doubly charged adducts are only observable at lower temperatures (vide supra). Figure 4c shows the CID mass spectrum of (βCD) 2 (LiCl) 5 Li 2 2+ under these softened conditions. Only successive losses of neutral HCl are observed, and there is no evidence of salt loss. Just like the singly charged adducts, their doubly charged counterparts, therefore, consist only of individually attached LiCl in the ESI-QIT. The CID mass spectrum of (βCD) 2 (LiCl) 9 Li 2 2+ also shows only HCl loss, but could not be isolated as easily because of its lower abundance in the ESI-QIT.
In both the CID mass spectra of (βCD) 2 (LiCl) 9 (Figure 4c ) only neutral losses were observed, and the two cyclodextrins are still bound together in all the resulting product ions. The same fragmentation behavior was observed for all the larger adducts (p = 5, 7, 9, and 11). Even larger adducts (p ≥ 13) were not considered, as they contain one proton as charge carrier (vide supra).
Smaller doubly charged adducts (p = 1, 3) were studied with the QTOF at 0 eV ISCID energy. The dication (βCD) 2 (LiCl) 3 Li 2 2+ (m/z 1205) also shows the expected (LiCl) 2 loss at low collision energies (Figure 5a ), but at higher collision energies, the fragmentation behavior is different compared with the larger doubly charged adducts (Figure 5b ). HCl loss from the precursor ion, expected to prevail at higher collision energies, is no longer the preferred dissociation pathway and is only observed in low abundance. Instead, fragments from three different Coulomb explosions, a charge separation reaction of the dication into two singly charged product ions, are detected predominantly (Scheme 2, iii). The precursor dissociates into two product ion pairs, first (βCD)(LiCl) 2 The reason for the Coulomb explosions being the main fragmentation pathway for the smallest doubly charged adducts (p = 1, 3), while not being observed at all for the larger adducts (p ≥ 5) may be caused by the number of incorporated LiCl units. The loss of HCl may simply be facilitated by a higher number of attached LiCl ion pairs. On the other hand, the LiCl may stabilize the dimer. As discussed above, the two oligosaccharides are probably metal-bridged, the Li + cations bound to the hydroxyl groups of both cyclodextrins. If not only the charge carrying Li + ions bind the two monomers together but the Li + Cl − ion pairs create further bridging connections (cp. Scheme 2), a high number of individually attached LiCl salts may assist in stabilizing the dimer and prevent the dissociation of the two cyclodextrins. Thus, only HCl loss is observed for larger doubly charged adducts under these conditions, whereas the two smallest dimers prefer to dissociate via Coulomb explosion.
